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Abstract—Three variants of human recombinant erythropoietin (rhEPO) with additional N-terminal protein domains were
obtained by synthesis in an Escherichia coli heterologous expression system. These domains included (i) maltose-binding
protein (MBP), (ii) MBP with six histidine residues (6His) in N-terminal position, (iii) s-tag (15-a.a. oligopeptide derived
from bovine pancreatic ribonuclease A) with N-terminal 6His. Both variants of the chimeric protein containing MBP
domain were prone to aggregation under nondenaturing conditions, and further purification of EPO after the domain cleav-
age by enterokinase proved to be impossible. In the case of 6His-s-tag-EPO chimeric protein, the products obtained after
cleavage with enterokinase were successfully separated by column chromatography, and rhEPO without additional domains
was obtained. Results of MALDI-TOF mass spectrometry showed that after refolding 6His-s-tag-EPO formed a structure
similar to that of one of native EPO with two disulfide bonds. Both 6His-s-tag-EPO and rhEPO without additional protein
domains purified after proteolysis possessed the same biological activity in vitro in the cell culture.
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Erythropoietin (EPO) is a hormone (cytokine) pro-
duced in kidney cells that performs multiple functions in
the organism primarily related to regulation of erythro-
poiesis. EPO functions via its interaction with the ery-
thropoietin receptor located on the surface of erythroid
progenitor cells in bone marrow, which stimulates pro-

Abbreviations: a.a., amino acid residue; BMP-2, bone morpho-
genetic protein-2; DTT, dithiothreitol; EPO, erythropoietin;
6His, six histidine amino acid residues; MBP, maltose-binding
protein; thEPO, recombinant human erythropoietin; s-tag, 15-
a.a. oligonucleotide derived from bovine pancreatic ribonucle-
ase A.

* To whom correspondence should be addressed.

duction of erythrocytes. Injections of recombinant
human EPO (rhEPO) are used in medicine for therapy of
various forms of anemia related to kidney dysfunctions,
cancer, and chemotherapy [1]. Direct and indirect effects
of EPO on bone tissue remodeling have been actively
investigated recently [2-4]. The possibility of using
rhEPO separately or in combination with other factors
such as bone morphogenetic protein-2 (BMP-2) for heal-
ing bone defects with systemic or local application has
been investigated in laboratory studies [5, 6].

EPO consists of 166 amino acid residues (a.a.). It is
glycosylated during its synthesis in the human body — N-
linked glycans are attached to Asn24, Asn38, and Asn83
and O-linked glycan to Ser126 [7, 8]. Oligosaccharides are

1285



1286

linked to the growing protein chain during the translation
process in endoplasmic reticulum and then are “remod-
eled” in the Golgi apparatus [9]. The EPO molecule con-
tains two disulfide bonds: one between residues Cys7 and
Cysl61 and another between residues Cys29 and Cys33.
Data are available indicating that glycans are involved in
folding and secretion, provide protein stabilization, define
metabolic pathways [9, 10], and determine features of bio-
logical activity manifestation [10, 11]. As a rule, rhEPO
(alfa and beta) are derived from genetically modified
Chinese hamster ovary (CHO) cells. The preparation
comprises a heterogeneous mixture of glycoforms — mol-
ecules differing in glycan structure. It was shown by com-
petitive binding experiments that glycoforms with lower
content of N-linked glycans demonstrate decrease in in
vivo activity and increase in in vitro activity [10]. Elevated
content of sialic acids in oligosaccharides increases bio-
logical activity in vivo, prolongs blood serum half-life, but
at the same time decreases its affinity to EPO receptor
[11]. Several variants of rhEPO are produced by various
drug manufacturers for medical applications, including a
modified second-generation EPO (darbepoetin alfa) with
prolonged action. All the preparations are based on
rhEPO produced by synthesis in eukaryotic cells that dif-
fer in degree and characteristics of protein glycosylation,
specific activity, pharmacokinetics, and other parameters.
Moreover, the commercially available preparations of
EPO are used in scientific publications describing the
effect of EPO on biological and physiological processes
such as bone tissue remodeling (see review Wu et al. [3]),
but the exact preparation used in a study is often not men-
tioned, even though the selection of a particular prepara-
tion can greatly define the results of an experiment.
Production of recombinant proteins in Escherichia
coli seems like a good alternative to synthesis in eukaryot-
ic cells due to lower cost and better standardization of the
produced product. The obvious problems of biosynthesis
of eukaryotic proteins in E. coli include the lack of glyco-
sylation and problems with formation of disulfide bonds
during protein folding, which can be detrimental for bio-
logical activity of the protein. However, these problems
were solved in the case of EPO. For example, it was
shown in the study of Jeong et al. that a partially purified
protein isolated from E. coli cells had correct structure
with two S—S-bonds and was active in cell culture exper-

6His-s-tag-EPO (23.8 kDa)
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iments in vitro [12]. Only a handful of publications have
been devoted to the production of recombinant EPO in E.
coli and its purification [12-14]. Low solubility of the pro-
tein and tendency to aggregation is among the problems
associated with this, which can be overcome either by
introduction of amino acid substitution of the asparagine
residues at positions subjected to glycosylation with lysine
residues [14], or by constructing chimera proteins with
additional protein domains increasing the solubility of the
protein with subsequent cleavage of EPO via proteolytic
hydrolysis [12].

The objective of this study was the production of
highly purified non-glycosylated rhEPO synthesized in E.
coli cells with correctly formed disulfide bonds possessing
biological activity and being adequate for further investi-
gation of the possibility of its application in regenerative
medicine, in particular, for investigation of bone tissue
reparation using combined application with recombinant
BMP-2.

MATERIALS AND METHODS

Escherichia coli strain BL21(DE3) (E. coli B F~ dem
ompT hsdS(rgmg) gal A(DE3) (Agilent Technologies,
USA) and plasmid vector pET30a(+) (Novagen, USA)
were used in the study.

Preparation of gene construct encoding 6His-s-tag-
EPO. The gene encoding the amino acid sequence of the
Entero-EPO protein consisting of the sequence of the
enteropeptidase-specific hydrolytic site (Entero) and
EPO carrying the BamHI recognition site at the 5'-termi-
nus and Kpn2l site at the 3’'-terminis with optimized
codon composition and RNA secondary structure was
produced synthetically. The codon composition of the
synthetic gene for expression in E. coli was optimized
using the JCat program (http://www.jcat.de/), and cor-
rection of the secondary structure of the transcribed
RNA was optimized using the DINAMelt web server
(http://mfold.rna.albany.edu/?q=DINAMelt/Two-state-
folding). Nucleotide sequences were synthesized by the
Evrogen (Russia). The construct was inserted into the
pET30a(+) plasmid between the Bglll and Agel sites. A
producer of the 6His-s-tag-EPO protein carrying six his-
tidine residues (6His) and s-tag (15-a.a. oligonucleotide

MHHHHHHSSGLVPRGSGMKETAAAKFERQHMDSPDL.GT DDDDKAMADIGSAPPRLICDSR

VLERYLLEAKEAENITTGCAEHCSLNENITVPDTKVNEYAWKRMEVGQQAVEVWQGLALL
SEAVLRGQALLVNSSQPWEPLQLHVDKAVSGLRSLTTLLRALGAQKFAISPPDAASAAPL
RTITADTFRKLFRVYSNFLRGKLKLYTGEACRTGDR

Fig. 1. Amino acid sequence of 6His-s-tag-EPO protein. The EPO sequence is indicated with bold italic, the 6His sequence by underlining,
the sequence hydrolyzed by enterokinase by underlined italic (the enterokinase hydrolysis site is located directly after the last underlined
residue), cysteine residues in the EPO sequence are in bold underlined italic, and s-tag in bold underlined.
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from the bovine pancreatic ribonuclease A) at the N-ter-
minus was obtained by cloning in E. coli BL-21 (Fig. 1).

Calculated values of molecular mass and some proper-
ties of 6His-s-tag-EPO and EPO polypeptides.
Information about these polypeptides was acquired using
internet source http://web.expasy.org/compute pi/.
Molecular masses of the 6His-s-tag-EPO and EPO
polypeptides are 23,828.05 and 18,396.14 Da, respective-
ly. Absorption of aqueous protein solutions with concen-
tration of 1 mg/ml at 280 nm must be 0.953 and 1.206,
and the theoretical isoelectric points (p/) are 6.75 and
8.75, respectively.

Cultivation of transformed E. coli cells. The trans-
formed E. coli BL-21 cells were cultivated in LB medium
with addition of respective antibiotics on a shaker at
180 rpm and 37°C to ODy, 1.0-1.2. Protein synthesis was
induced by 0.5 mM IPTG, and then the culture was incu-
bated for an additional 4 h under the same conditions and
centrifuged for 30 min at 5000g and 10°C. The biomass
was stored at —20°C.

Disruption of E. coli cells, preparation of fraction of
readily soluble cellular proteins, and isolation of inclusion
bodies. The thawed biomass of bacterial cells was resus-
pended in lysis buffer (20 mM Tris-HC1 (pH 8.0),
100 mM NacCl, 1% Triton X-100, 1 mM phenylmethyl-
sulfonyl fluoride by adding it at ratio no less than 1 : 10
(w/v)), 100 pug/ml of lysozyme was added, and the mix-
ture was incubated for 20 min at room temperature fol-
lowed by cell disruption using a Sonics Vibracell ultrason-
ic processor (40% amplitude, 2.5 min interrupting for 3 s
every 2 8) on ice. The mixture was centrifuged for 30 min
at 20,000g and 10°C. Soluble cellular proteins were in the
supernatant. The precipitate containing inclusion bodies
was washed twice with lysis buffer and once with 20 mM
Tris-HCI (pH 8.0) buffer.

Column chromatography and electrophoresis.
Column chromatography on WorkBeads 40 Ni and
WorkBeads 40 S sorbents (Bio-Works, Sweden) was con-
ducted using a BioLogic low-pressure chromatographic
system (Bio-Rad, USA) or Akta Start device (GE
Healthcare Life Sciences, USA). Protein concentration
was determined from absorption of the protein solution at
280 nm using theoretical (calculated) protein absorption
coefficients and with Bicinchoninic Acid Protein Assay
(AppliChem, Germany).

Protein extracts and protein samples from different
purification steps prior to PAGE were prepared in
Laemmli sample buffer containing 2 mM EDTA,
125 mM Tris-HCI (pH 6.8), 20% glycerol, 4% SDS, and
0.015% Bromophenol blue with addition of 0.2 M dithio-
threitol (DTT) reducer or without it. Sample aliquots
were diluted with the sample buffer at ratio 1 : 1, heated
for 5 min at 95°C, and centrifuged for 5 min at 16,000g;
the supernatant was loaded onto a polyacrylamide gel.
Protein electrophoresis in the gel was carried out using a
SE 260 Amersham Mighty Small II instrument for verti-
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cal electrophoresis for 8 x 9 cm gels and a reagent kit from
GE Healthcare (USA). Following electrophoresis, the gel
was stained with Coomassie Brilliant Blue R-250 accord-
ing to the standard procedure. To evaluate the apparent
molecular mass, protein markers with molecular mass 14-
97 kDa (Bio-Rad) were used. Gels were imaged using a
Gel Doc™ XR+ system (Bio-Rad), and density of gel
bands was assessed using Quantity One software (Bio-
Rad).

Refolding of 6His-s-tag-EPO and protein purification
on WorkBeads 40 S sorbent. Following the disruption of
1 g of wet biomass, precipitate containing washed inclu-
sion bodies (250 mg) was dissolved in 10 ml of 6 M guani-
dine hydrochloride, 0.1 M DTT, and 20 mM Tris-HCI
(pH 8.0), incubated at 4°C overnight, and centrifuged for
30 min at 9000g. Then the denatured protein was diluted
with refolding buffer containing 0.5 M L-arginine,
20 mM Tris-HCI (pH 8.5) at ratio 1 : 15 to the final pro-
tein concentration of ~0.1 mg/ml and incubated for 24 h
at 4°C. The solution of refolded protein was dialyzed
against 10 volumes of buffer containing 4 M urea, 20 mM
Tris-HCI (pH 6.8) for 24 h and centrifuged for 30 min at
9000g. The supernatant was subjected to column chro-
matography on the WorkBeads 40 S sorbent. The super-
natant (200 ml) was loaded on a column with 15 ml of
WorkBeads 40 S sorbent equilibrated with buffer contain-
ing 4 M urea, 30 mM Tris-HCI (pH 6.8) at a rate
1 ml/min and washed with the buffer at a rate 1.5 ml/min
until absorbance at 280 nm reached a plateau, followed by
elution with linear gradient from 0 to 1 M NaCl concen-
tration in the same buffer. Four 3-ml fractions were col-
lected during elution. Monomeric protein was in the first
three fractions, while some aggregates were observed in
the electrophoregram of the last fraction. Three fractions
with total volume of 9 ml were combined and dialyzed
against 20 mM Tris-HCI (pH 8.0) overnight followed by
estimation of the protein concentration based on the
solution absorbance at 280 nm, which was 0.105. The
approximate protein concentration in this fraction was
0.1 mg/ml based on the theoretical extinction coefficient
(0.953 for 6His-s-tag-EPO). Then the protein was sub-
jected to proteolytic hydrolysis with enterokinase.

Proteolytic hydrolysis of proteins with enterokinase.
Proteolytic hydrolysis of the proteins was performed
according to the method of Gasparyan et al. [15] with
modifications.

Treatment of the 6His-s-tag-EPO protein with
enterokinase was conducted in buffer containing 10 mM
Tris-HCI1 (pH 7.5-8.0) and 200 mM NaCl. An aliquot
(10 pl) of enterokinase solution with specific activity of
0.1 unit/pl was added to 9 ml of the protein solution with
concentration of 0.1 mg/ml and incubated for 3 h at room
temperature (25°C). Hydrolysis efficiency was evaluated
with PAGE.

Following the hydrolysis of 6His-s-tag-EPO with
enterokinase, the cleaved rhEPO was purified by affinity
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chromatography on WorkBeads 40 Ni sorbent. A column
with 3 ml of the sorbent was equilibrated with 20 mM
solution of Tris-HCI (pH 8.0), protein binding and col-
umn washing with five column volumes was conducted in
the same buffer, and all operations were carried out with
flow rate 1 ml/min. The target protein purified from the
products of hydrolysis was eluted in the first washing frac-
tions. Absorption of the protein solution at 280 nm was
0.08, which approximately corresponded to protein con-
centration of 0.066 mg/ml considering the theoretical
extinction coefficient (1.206 for EPO). Hence, consider-
ing the volume of combined fraction (8 ml), the total
amount of purified protein was 0.53 mg. The protein
preparation was homogenous in SDS-PAGE.

The combined fractions following chromatography
on WorkBeads 40 Ni were dialyzed against 25 mM
ammonium acetate buffer (pH 4.5) for 24 h at 4°C. The
ratio of dialyzed sample and dialysis buffer was 1 : 10. The
produced protein preparations were lyophilized and used
for further investigations.

Evaluation of protein biological activity in vitro.
Biological activity of erythropoietin preparations was
evaluated with the in vitro proliferation test with human
erythroleukemia cell line TF-1 (ATCC CRL-2003). Cells
were cultivated at 37°C in an atmosphere of 5% CO, in
RPMI 1640 medium (PanEko, Russia) supplemented
with 10% fetal bovine serum (HyClone, USA), gen-
tamycin (PanEko) to concentration of 10 pg/ml, and
granulocyte macrophage colony-stimulating factor (GM-
CSF) (PanEko) at final concentration of 2 ng/ml. Prior
to the test for determination of specific activity, the cells
were subjected to the so-called “starvation stage”: incu-
bation for 22-26 h in medium with minimum serum con-
tent (0.5%) without added GM-CSF and other growth
factors at 37°C and 5% CO, atmosphere. Following the
starvation, staged cells were pelleted from the culture
medium by centrifugation at 800 rpm, discarding super-
natant and resuspending the cells in cold RPMI 1640
medium. The procedure was repeated three times. After
the third centrifugation, the cells were resuspended in a
volume of the test medium (RPMI 1640 supplemented
with 5% fetal bovine serum and 10 pg/ml gentamycin,
without GM-CSF) to adjust cell concentration to 600-
800 thousand cells per ml. Protein samples (EPO vari-
ants) were filter-sterilized though a 0.2-um filter unit
(Corning, Germany) and diluted in the test medium.
Samples with different dilutions in the test medium were
prepared in 96-well plates (volume in each well 50 pl, 2-
fold dilutions from 1000 to 4 ng/ml and from 10 to
0.04 ng/ml). The medium without EPO was used as a
negative control, and recombinant EPO from mam-
malian cells — Epostim (epoetin beta; Farmapark,
Russia) — was used as a reference sample. Aliquots (50 pl,
30-40 thousand cells) of the prepared cells were intro-
duced into the wells containing samples. The plate was
incubated for 68-72 h at 37°C in 5% CO,. On completion
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of incubation, 10 pul of WST-1 substrate mixture (Roche,
Switzerland) was added to each well. Then the plate was
incubated at 37°C in 5% CO, for 5-6 h with visual control
of color development. Optical density in the wells was
recorded at wavelength 450 nm with a Tecan Infinite M
200 Pro plate reader (Tecan Group Ltd., Switzerland).
The specific activity was calculated by the regression
model using the PLA 3.0 program (Stegmann Systems
GmbH, Germany).

Trypsinolysis of proteins prior to mass spectrometry.
The proteins separated with PAGE were hydrolyzed with-
in the gel fragments according to the protocol suggested
by Shevchenko et al. [16] with and without addition of
DTT and iodoacetamide.

Tryptic peptides were extracted from the gel using
sequentially 50 and 90% aqueous acetonitrile solutions in
5% formic acid by adding 50 pl of each solution to the cut
gel fragment. An aliquot (2 pl) of the combined extract
was mixed with 0.5 pl saturated solution of 2,5-dihydroxy-
benzoic acid in 30% acetonitrile solution containing
0.5% (vol) glacial acetic acid on a steel target, which was
then air-dried at room temperature.

To investigate formation of disulfide bonds in the
recombinant protein, the protein was trypsinized in solu-
tion. The reaction was carried out as follows: 100 pl of
protein solution (approximately 100 pg) in 20 mM
ammonium acetate buffer (pH 8.0) was mixed with 100 pl
of 100 mM ammonium bicarbonate (pH 8.3). The reac-
tion mixture was divided in two portions. DTT and
iodoacetamide were added to one portion using the pro-
cedure described above for trypsinolysis in gel [16]. Only
trypsin was added to another portion. In both cases, the
protein/enzyme ratio was 20 : 1. The reaction was con-
ducted at 37°C for 17 h.

The reaction mixture was dried using a Savant
SPDI121P vacuum concentrator (Thermo Scientific,
USA) and dissolved in 20 pl 0.1% formic acid. The sam-
ple was applied onto the target according to the procedure
described above for trypsinolysis in gel.

MALDI mass spectrometry. The peptides were ana-
lyzed using an UltrafleXtreme MALDI time-of-flight
mass spectrometer (Bruker Daltonics, Germany).
Positive ions were detected in reflectron mode with volt-
age on ion source IS1 of 20.12 kV and IS2 of 17.82 kV, on
lenses 7.47 kV, and on reflectron Refl 21.07 kV and
Ref2 10.80 kV.

Ions were detected in the m/z range 700-5000 Th
(Thompson = Da/e). The peaks of autolytic fragments of
trypsin and keratin, which were excluded from the final
lists of detected masses, were used as internal standards.

RESULTS AND DISCUSSION

In the beginning, production of recombinant EPO
via biosynthesis in E. coli producers was performed via

BIOCHEMISTRY (Moscow) Vol. 82 No. 11 2017
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two variants of chimeric constructs of EPO with maltose-
binding protein (MBP). Except for a few details, this
approach was similar to the one suggested in the work of
Jeong et al. [12], where they produced active thEPO. The
synthetic gene was designed encoding the amino acid
sequence of the MBP-EPO protein, which included
amino acid sequences of MBP from E. coli and human
erythropoietin with the human enterokinase recognition
site between them. A similar chimeric construct was
designed including N-terminal 6His-tag (its use for
improving efficiency of two functional domains has been
described for numerous other biotechnologically impor-
tant recombinant proteins [17]). The hybrid proteins
MBP-EPO and 6His-MBP-EPO were isolated and puri-
fied to homogenous state both from the fraction of readi-
ly soluble cytoplasmic proteins as well as from inclusion
bodies, and then the chimeric proteins were effectively
hydrolyzed with enterokinase (data not shown). However,
all further attempts to separate the products of proteolyt-
ic hydrolysis — MBP and rhEPO — by column chro-
matography were unsuccessful. We suggest that even after
proteolysis with enterokinase, MBP and EPO remain in a
stable complex due to the opposite charges of these pro-
tein domains and, probably, other types of interactions.

Hence, despite the advantageous properties of the
MBP domain facilitating solubility of the construct as a
whole, in this case it demonstrated a significant drawback
manifested by substantial aggregation with the protein
linked to it (EPO); the observed phenomenon of “stick-
ing” to the target (so-called “passenger”) protein was
reported for other constructs [18]. The significant size of
the maltose-binding domain (40 kDa) represents another
disadvantage; thus, when this affinity domain is located at
the N-terminus of the chimeric protein, it frequently
interrupts synthesis (at least in our case), which results in
production of incomplete recombinant products.

We decided to use another approach for production
of hEPO — introduction of an additional domain at the
N-terminus of the chimeric protein including 6His, s-tag,
and enterokinase recognition site (Fig. 1). This approach
was successfully used in the work of Karyagina et al. in
2017 [19] for production of recombinant morphogenetic
protein 2 (rhBMP-2) via synthesis in E. coli. This protein
was characterized by the presence of disulfide bonds and
tendency to aggregation as in the case of EPO.

The results of 6His-s-tag-EPO isolation via protein
chromatography on WorkBeads 40 S following dissolu-
tion of inclusion bodies and refolding using the method of
Wang et al. [20] are presented in Fig. 2a. In the first three
fractions eluted from WorkBeads 40 S, we found using
PAGE (after sample treatment with buffer without reduc-
er) practically homogenous protein corresponding to
~26 kDa (based on mobility), and the following fraction
contained high molecular weight aggregates (Fig. 2b, I-
4). An electrophoretically homogenous protein band with
slightly lesser mobility than in the samples without reduc-
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er (~28 kDa) was observed in all fractions after treatment
of the protein samples with sample buffer containing
reducer (DTT) (Fig. 2b, 5-8).

In total, the fractions collected after purification of
refolded 6His-s-tag-EPO protein on WorkBeads 40 Ni
contained ~0.9 mg of protein.

The data of purification efficiency and protein yield
at different stages are presented in the table.

Despite the good yields of the MBP-EPO and 6His-
MBP-EPO chimeric forms following the renaturation
stage and affinity purification (data not shown), it was
impossible to separate the rhEPO without additional
domains from the carrier protein (MBP or 6His-MBP).
So, the variant of rhEPO purification after enterokinase-
mediated proteolysis of the 6His-s-tag-EPO construct
was the only one acceptable even if the large losses during
refolding and following cation-exchange chromatogra-
phy were taken into account. The losses and low yield of
rhEPO can be explained by the fact that only a small por-
tion of the protein folds correctly, while the largest por-
tion exhibits a tendency to aggregate due to absence or
incorrect formation of disulfide bonds.

To investigate the structure of 6His-s-tag-EPO puri-
fied after refolding on WorkBeads 40 S sorbent, the
respective band from polyacrylamide gel (Fig. 2b, lane 6)
was subjected to proteolysis in the gel with sequential
addition of DTT and iodoacetamide to the gel (see
“Materials and Methods” for details). The MALDI mass
spectrum of the resulting tryptic peptides is presented in
Fig. 3a, and their sequences as well as modification are
given in Table S1 (see Supplement to this paper on the site
of the journal (http://protein.bio.msu.ru/biokhimiya)
and Springer site (Link.springer.com)). The mass-spectro-
metric analysis revealed several peaks corresponding to cys-
teine-containing peptides. These are peptides: T3+IAA
(peak with m/z 763.446), T5+2IAA (peak with m/z
2803.1903) — this peptide contained two cysteine residues

Yield of target protein during purification of 6His-s-tag-
EPO and rhEPO without additional domains

Protein amount, rhEPO
Purification stage mg/g of wet content, %
biomass
Induction 65.2 47.6
Inclusion bodies 61.5 82.9
Refolding and cation- 0.9 99.9
exchange chromato-
graphy
Proteolysis with entero- 0.53 99.9
kinase and chromato-
graphic purification
of thEPO without
additional domains
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Fig. 2. Electrophoregrams of separation in 12% polyacrylamide gel of protein samples produced during purification of 6His-s-tag-EPO pro-
tein preparations from cells of E. coli BL-21(DE3) producer at the stages of inclusion bodies dissolution and refolding (a), chromatography
on WorkBeads 40 S sorbent (b) and enterokinase treatment followed by chromatography on WorkBeads 40 Ni sorbent (c). a) Lanes: ) extract
of strain producer cells prior to protein synthesis induction with IPTG; 2) extract of strain producer cells after protein synthesis induction with
IPTG; 3) inclusion bodies of strain producer after washing; 4) 6His-s-tag- EPO protein prior to refolding; 5) 6His-s-tag-EPO after refolding.
b) Fractions of 6His-s-tag-EPO protein after refolding eluted during chromatography of 6His-s-tag-EPO on WorkBeads 40 S sorbent (panel
(a), lane 5). ¢) Lanes: I, 5and 2, 6) protein of the first three fractions of 6His-s-tag-EPO eluted from WorkBeads 40 S, which were not treat-
ed (7 and 2) and treated (5 and 6) with enterokinase; 3, 7) protein fractions not bound to the sorbent; 4, &) fractions of enterokinase-treated
6His-s-tag-EPO protein eluted after chromatography on WorkBeads 40 Ni; M) molecular mass protein markers 14-97 kDa (Bio-Rad, USA).
Presence or absence of reducer (DTT) in sample buffer is marked under corresponding lanes.

that formed one of the disulfide bonds in the native pro-
tein; T18+IAA (peak with m/z 1210.5994); and
T19+IAA (peak with m/z 969.4527). The cysteine
residues in these peptides are present in the form of car-
bamidomethyl cysteines. As presented in Fig. 3b, the
identified tryptic peptides cover 83% of the sequence,
which is considered as a good result. The absence of a
number of peptides can be explained by their small mass
(<700 Da), thus they are located outside the selected
detection range, and the absence of the peak in the mass
spectrum corresponding to a peptide (29-54) can be
explained by high content of aspartic acid in it (it con-
tains seven aspartic acid residues), which likely makes it
difficult to detect it in the form of a positive ion and/or
makes it impossible to extract from the gel.

To investigate the soluble form of 6His-s-tag-EPO
after refolding and purification using MALDI TOF spec-
trometry, the forms were first transferred into 25 mM
ammonium acetate (pH 7.5) via dialysis and treated with
trypsin also in the presence of DTT and iodoacetamide
(mass spectra not presented). Analysis of the mass spectra
showed that the set of peptides produced by trypsinolysis
in the gel and in solution was practically identical, except
that the mass spectrum peaks corresponding to peptides

(26-54) and (127-153) were absent among the peptides
produced from the solution. In addition, we note that the
peaks corresponding to all cysteine-containing peptides
are present in the spectrum similarly to the case of the
experiment based on in-gel trypsinolysis.

To evaluate the efficiency of refolding of the protein,
the respective band in polyacrylamide gel (Fig. 2b, lane 2)
was subjected to trypsinolysis in the gel, but DTT and
iodoacetamide were not added during the reaction. The
buffer without reducer was used for gel loading. The
MALDI mass spectrum of the resulting tryptic peptides is
presented in Fig. 3c, and their sequences and modifica-
tions are given in Table S2 (see Supplement). The peaks
corresponding to carbamidocysteine peptides are absent
in the mass spectrum (Fig. 3, a and b), and the peaks con-
firming the presence of disulfide bonds in the protein are
present. In particular, the peak with m/z 3404.029, desig-
nated in Fig. 3c as T26S-S, and the peak with m/z
2687.154 (T27S-S) confirm the presence of a disulfide
bond between the Cys79 and Cys83 residues. The pres-
ence of a second disulfide bond between the Cys57 and
Cys211 residues is corroborated by the presence of peaks
in the mass spectrum with m/z 4515.0148 (T24+T18S-
S), 4042.127 (T3+(191-217)S-S), and 2259.933
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Fig. 3. MALDI mass spectra of tryptic peptides of 6His-s-tag-EPO protein (a, ¢) and diagrams illustrating coverage of the 6His-s-tag-EPO
sequence with tryptic peptides (b, d). a) MALDI mass spectrum of tryptic peptides produced during analysis of the protein band with appar-
ent molecular mass of ~28 kDa (Fig. 2b, lane 6). Before the trypsinolysis the protein in the gel was first treated with DTT, and cysteine residues
reduced with iodoacetamide; b) diagram illustrating the coverage of the protein sequence with tryptic peptides which spectrum is presented in
panel (a); c) MALDI mass spectrum of tryptic peptides produced during analysis of the protein band with apparent molecular mass of ~26 kDa
(Fig. 2b, lane 2). The protein in gel was not treated with DTT and iodoacetamide prior to trypsinolysis; d) diagram illustrating the coverage
of the sequence of the protein with tryptic peptides whose mass spectrum is presented in panel (c). In panels (b) and (d), the peptides identi-
fied in the mass spectrum are labeled with rectangles with the peptide name inside (T-peptide No.), and the corresponding amino acid
sequence is presented above. Cysteine-containing peptides are designated as gray rectangles; disulfide bonds between the identified peptides
are shown with dashed line (peptides are highlighted with gray color).
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(T19+T(55-65)S-S). Hence, the mass-spectrometric
analysis reliably established the presence of two disulfide
bonds in the protein.

The analysis of mass spectra of the tryptic peptides
produced in solution (mass spectra not shown) also con-
firms the presence of two disulfide bonds in the protein.
In particular, the peak with m/z 2687.144 (T27S-S) is
present in the spectrum, which confirms the presence of
a disulfide bond between the Cys79 and Cys83 residues,
as reported for the “in-gel” method. The second disulfide
bond between the Cys57 and Cysll1 residues is con-
firmed by the presence of peaks with m/z 2433.129
(T(55-61)+T(204-217)S-S), m/z 4042.127 (T3+(191-
217)S-S), m/z 2845.3242 (T(44-61)+T(206-213)S-S)
and m/z 3086.2388 (T(44-61)+T(204-213)S-S).

Preparation of rhEPO without additional protein
domains was conducted using proteolytic hydrolysis of the
6His-s-tag-EPO with enterokinase at its specific recogni-
tion site with subsequent purification of the cleaved frag-
ment using chromatography on the WorkBeads 40 Ni sor-
bent.

The combined fractions 1-3 (Fig. 2b) containing
6His-s-tag-EPO after refolding, chromatography on
WorkBeads 40 S, and dialysis against 20 mM Tris-HCI
(pH 8.0) with volume of 9 ml were treated with enteroki-
nase for 3 h and purified from the cleaved fragments using
the WorkBeads 40 Ni sorbent. EPO was not retained on
the column and was eluted in the first washing fractions,
and the 6His-s-tag fragment was captured by the sorbent
and eluted with 2 M urea solution in 20 mM Tris-HCI
(pH 8.0) supplemented with 400 mM imidazole. Aliquots
of the fractions were treated with sample buffer with and
without DTT, and then subjected to electrophoresis in
15% polyacrylamide gel (Fig. 2c¢). The volume of washing
fractions was 4 ml, and in total two fractions were com-
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0.55
0.50
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50
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Fig. 4. Dependence of optical density in the well on the sample
concentration during determination of in vitro specific activity of
6His-s-tag-EPO before and after cleavage with enterokinase: [)
epoetin beta; 2) 6-His-s-tag-EPO; 3) recombinant EPO produced
following the treatment of 6-His-s-tag-EPO with enterokinase
and purification.
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bined (total volume 8 ml). The resulting protein solution
had concentration of 0.066 mg/ml and the protein was
electrophoretically homogenous in the presence of reduc-
ing agent (DTT). It is worth mentioning that the cleaved
fragment 6His-s-tag was not detected in the gel under
nonreducing conditions (Fig. 2c, lanes 2 and 4), and it is
present in the gel as a band of the corresponding mobility
under reducing conditions (Fig. 2c, lanes 6 and &). This is
probably because the 6His-s-tag fragment aggregates after
cleavage, although no aggregates were identified in the
gel.

The refolded 6His-s-tag-EPO before and after
hydrolysis with enterokinase and purification was used for
measuring in vitro activity with the TF-1 cell line. The
specific activity of the proteins calculated by the regres-
sion model was the same in both cases and was 13.4% of
the activity of epoetin beta for 6His-s-tag-EPO before
enterokinase hydrolysis, 12.9% for the 6His-s-tag-EPO
treated with enterokinase and purified. The results of
activity measurements are presented in Fig. 4. It is likely
that the reduced activity of the recombinant EPO without
additional domains produced by bacterial biosynthesis in
comparison with the recombinant epoetin beta of eukary-
otic origin can be explained by the lack of glycosylation of
the former, differences in the secondary (conformational)
structure of the EPO synthesized in bacterial and eukary-
otic cells, or by the introduction of the additional seven
amino acid residues at the N-terminal of the rhEPO pro-
duced in E. coli following treatment with enterokinase
(see Fig. 1).

The effect of almost one order of magnitude reduc-
tion of the activity of EPO of bacterial origin on intro-
duction of the 20-a.a. sequence including 10 histidines at
the N-terminal was reported by Boissel et al. [13], who
measured activity in the proliferation test with spleno-
cytes; moreover, proteolytic hydrolysis of the additional
N-terminal sequence resulted in significant (6-fold)
increase in the activity of erythropoietin of bacterial ori-
gin (we did not observe this in our case). Almost identical
in vitro activity of both EPO variants produced in this
work — 6His-s-tag-EPO and rhEPO after cleavage of the
additional domain — makes both variants worth further
investigation with regard of the possibility of their appli-
cation in vivo, in particular for local administration in an
effort to improve osseointegration. The availability of the
additional domain in the case of 6His-s-tag-EPO could
play a favorable role due to increase in the protein molec-
ular mass and, hence, decrease in the rate of protein
clearance from the organism. The s-tag additional
domain facilitates better solubility of eukaryotic proteins
synthesized in E. coli, such as thBMP-2 cytokines in
comparison with the forms of these proteins without the
additional domain [19, 21]. We have demonstrated
encouraging results of application of rhBMP-2 recombi-
nant protein with the additional s-tag domain [19] previ-
ously in several model studies on reparation of bone tissue
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and increasing the strength of the cornea (for application
in keratoprosthesis) with small and large animals [22-26].
The work on production of the form of rhEPO for regen-
erative medicine and osteoplastic treatment could be fur-
ther advanced in the direction of production of recombi-
nant form of protein with additional domains facilitating
concentration of the target protein in the area of injury. In
this case, the difference in activity in comparison with
eukaryotic rhEPO would be compensated by the increase
in local concentration of the cytokine.

Hence, in this investigation the 6His-s-tag-EPO
chimeric protein and the product of its proteolytic
hydrolysis thEPO, produced via bacterial synthesis in E.
coli, demonstrated biological activity in vitro. It was found
that the presence of the additional protein domain at the
N-terminal position did not affect the cytokine activity.
The presence of two disulfide bonds in the refolded form
of the protein corresponding to the native folding of the
protein chain was demonstrated using MALDI TOF mass
spectrometry.
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